Introduction
Proteolytic modification of intracellular and extracellular proteins has recently been recognized as an important and common mechanism of regulating cell function. 1, 2 Extracellularly, transformation of the cell surface through proteolysis plays a role in cell migration, wound healing, and tissue remodeling. 3, 4 In addition, a cohort of biologically active compounds, including cytokines and cytokine receptors, growth factors and growth factor receptors, cell surface adhesion molecules, Fc receptors, and G protein-coupled receptors, are known to be released from cell surfaces through proteolytic cleavage. 5, 6 Under physiologic conditions, it has been well established that enzymes belonging to a family of tightly regulated metalloproteases, which contain a disintegrin domain (ADAM family), mediate this ectodomain shedding. 7 An alternative pathway that activates many cells operates through limited proteolysis of cell surface receptors referred to as protease-activated receptors (PARs). 8 Although both pathways are tightly controlled, during bacterial infections the surface proteins and receptors may become a target for nonhost proteases, which generally escape any control by host inhibitors. Indeed, growing evidence indicates that bacterial proteases can modify the host cell surface, and in this manner, contribute significantly to microbial pathogenicity. [9] [10] [11] [12] [13] [14] [15] [16] [17] Periodontitis, the chronic infectious disease in which uncontrolled proteolytic activity derived from both host and bacteria plays a significant role in the destruction of tooth-supporting tissues, including the alveolar bone, is the most prevalent inflammatory disease in the world. Approximately 15% of the population suffers from its most severe form and, if untreated, it may result not only in tooth loss, but also in systemic complications. [18] [19] [20] [21] The major pathogens associated with periodontitis are Porphyromonas gingivalis, Bacteroides forsythus, and Actinobacillus actinomycetemcomitans. 22 Among these, P gingivalis, a gram-negative anaerobic rod, has been identified as a major etiologic agent in the pathogenesis of adult periodontitis in humans. 22, 23 It has also been recognized as a virulence agent that initiates the progression of periodontitis in primate and rodent models of periodontal destruction. 24 Recently, a number of epidemiologic studies have linked periodontal disease to heart disease. [25] [26] [27] [28] [29] For this reason, we have investigated molecular mechanisms that may connect the 2 pathologies, particularly with regard to the effects of proteases from P gingivalis on cellular components of the coagulation system. Gram-negative periodontal pathogens often find their way into the bloodstream (bacteremia) in patients with periodontal disease as a result of oral hygiene procedures or even chewing. [30] [31] [32] [33] Furthermore, P gingivalis has not only been found in the circulation, but has been found to infect atherosclerotic plaques also. 34, 35 Proteases produced by P gingivalis have been shown to act as important pathogenic agents. 36 Two types of cysteine proteases, responsible for the so-called trypsin-like activity of the bacterium, have been purified 37, 38 : a lysine-specific protease, 105-kd, termed lys-gingipain (Kgp) and an arginine-specific protease referred to as arg-gingipain. The latter is present as 3 variants: 50-kd RgpA cat , 50-kd RgpB, and 95-kd HRgpA. HRgpA is the high molecular mass form of RgpA cat , formed by RgpA cat noncovalently complexed with 44-kd binding proteins that have been identified as hemagglutinins or adhesins. 37, 39 Curtis and colleagues 40 showed that a protease preparation, termed protease I, from P gingivalis strain W83 was able to induce platelet activation, but the biochemical nature of the enzyme and the mechanism of its action were not elucidated. The questions addressed in this study are whether the highly characterized proteases RgpB and HRgpA, which are solely responsible for the hydrolysis of peptide bonds after arginine residues in P gingivalis, can elicit a cellular response in platelets that is mediated by interaction of the enzymes with platelet surface molecules. Platelets express certain members of the PAR family on their surface that are activated by cleavage of their N-terminus by a protease, then couple to G proteins and induce cellular signals. To date, 4 PARs have been identified: PARs-1, -2, -3, and -4. The new N-terminus that is formed after receptor cleavage acts as a tethered ligand that binds to the receptor and leads to its activation. Synthetic peptide agonists corresponding to the tethered ligand of each receptor are able to activate the receptor, with the exception of PAR-3, allowing the cellular responses mediated by the different receptors to be distinguished and studied by treatment of cells with their respective agonist peptides. PAR-1 was the first receptor found and is cleaved and activated by thrombin, 41 as are PAR-3 and PAR-4, the 2 thrombin receptors discovered more recently. [42] [43] [44] Human platelets express PAR-1, 41, 45 and its agonist peptide causes activation and aggregation. 41, 46, 47 PAR-4 is also expressed in human platelets, 43, 44, 48 although at a lower level than that of PAR-1, 48 and a cognate agonist peptide was found to induce aggregation of human platelets. 48 The possible interactions of RgpB and HRgpA with the PARs expressed on the surface of platelets were investigated in this study and it was conclusively demonstrated that the enzymes are potent agonists for both PAR-1 and PAR-4, mediating platelet activation and aggregation via these receptors. This constitutes the first report of bacterial proteases demonstrably acting through these receptors to cause cellular processes that may underlie reported associations between periodontitis and cardiovascular disease.
Materials and methods

Materials
Fura-2 AM was obtained from Molecular Probes (Eugene, OR). All tissue culture reagents were purchased from Gibco Life Technologies (Melbourne, Australia). TRAP (SFFLRN) and TRAP-4 (GYPGQV) (singleletter amino acid codes) peptides were synthesized by Auspep (Parkville, Australia). The rabbit anti-PAR-1 antibody was produced as previously described. 49 All other materials were purchased from Sigma (Sydney, Australia).
Tissue culture
N1LF cells are immortalized murine lung myofibroblasts derived from PAR-1-deficient mice that lack functional PAR-1, PAR-2, and PAR-4. 50 These cells were grown in Dulbecco modified Eagle medium (DMEM) containing glucose, 4 mM L-glutamine and 10% (vol/vol) heat-inactivated fetal calf serum (FCS), supplemented with penicillin (100 U/mL) and streptomycin sulfate (100 g/mL). N1LF PAR-1 and N1LF PAR-4 cells stably express human PAR-1 and PAR-4, respectively, 51 and were grown in the same medium as the N1LF cells with the addition of 200 g/mL hygromycin B.
Purification of platelets from human blood
Platelets were isolated from freshly drawn human blood. Venous blood was anticoagulated by adding 6 volumes of blood to 1 volume of acid-citratedextrose (85 mM sodium citrate, 111 mM dextrose, and 71 mM citric acid supplemented with 50 ng/mL prostaglandin I 2 [PGI 2 ] and apyrase at 0.67 U/mL). Whole blood was centrifuged at 200g for 20 minutes at room temperature to obtain the supernatant platelet-rich plasma, which was then centrifuged at 730g for 10 minutes at room temperature to sediment the platelets. The platelet pellets were resuspended in 13 mM trisodium citrate, 120 mM NaCl, and 30 mM dextrose, pH 7.0, containing 50 ng/mL PGI 2 , and washed twice. Platelets were resuspended in extracellular medium [EM] (12 mM NaHCO 3 , 138 mM NaCl, 5.5 mM glucose, 2.9 mM KCl, 10 mM Hepes, 1 mM MgCl 2 , pH 7.4) or Tyrode buffer (140 mM NaCl, 2.7 mM KCl, 12 mM NaHCO 3 , 0.76 mM Na 2 HPO 4 , 5.5 mM dextrose, 5 mM Hepes, 2 mg/mL bovine serum albumin [BSA], pH 7.4), depending on the assay performed.
Intracellular calcium measurement
Intracellular calcium levels were measured in N1LF, N1LF PAR-1, N1LF PAR-4, and platelets. N1LF, N1LF PAR-1, and N1LF PAR-4 cells were grown to 80% confluence and detached from the culture dishes by treatment with nonenzymatic dissociation solution (Sigma). All cell types were prepared for [Ca ϩϩ ] i measurements as described previously. 52 Cells were washed and resuspended at 6 ϫ 10 6 cells/mL in an EM depending on the cell type. The EM for N1LF, N1LF PAR-1, and N1LF PAR-4 consisted of 121 mM NaCl, 5.4 mM KCl, 0.8 mM MgCl 2 , 1.8 mM CaCl 2 , 6 mM NaHCO 3 , 5.5 mM glucose, 25 mM Hepes, 0.1% (wt/vol) BSA, pH 7.3; the EM for platelets was as described above. In all subsequent steps the cells were protected from light.
Cells were loaded with 1 M Fura-2 AM by occasional shaking for 30 minutes at room temperature. After centrifugation at 200g for 5 minutes, they were resuspended in EM and occasionally shaken for 30 minutes at room temperature to allow hydrolysis of the intracellular Fura-2 AM and then centrifuged (200g for 5 minutes). N1LF, N1LF PAR-1, and N1LF PAR-4 cells were resuspended in EM without BSA at 2 ϫ 10 6 cells/mL for fluorescence measurements and platelets were resuspended in EM containing 1 mM CaCl 2 . [Ca 2ϩ ] i was determined using a PerkinElmer LS-50 fluorometer by measuring Fura-2 fluorescence at excitation and emission wavelengths of 340:380 and 510 nm, respectively. Loaded cells were maintained at 37°C in stirred plastic cuvettes throughout the experiment. After a stable baseline was established, the agonist was added to cells and the ratio of fluorescence at the 2 excitation wavelengths was measured, which is proportional to [Ca 2ϩ ] i.
Platelet aggregation studies
Platelets were collected from healthy volunteers who had not taken antiplatelet medication for 2 weeks in acid-citrate-dextrose, 6:1 vol/vol, containing 90 mM sodium citrate, 7 mM citric acid, 140 mM dextrose, pH 4.6, supplemented with 70 mM theophylline. Platelet-rich plasma (PRP) was obtained by centrifugation of whole blood at 180g for 15 minutes. The PRP was centrifuged at 2000g for 15 minutes and the platelets washed twice with buffer containing 4.3 mM Na 2 HPO 4 , 4.3 mM K 2 HPO 4 , 24.3 mM NaH 2 PO 4 , 113 mM NaCl, 5.5 mM glucose, 5 mg/mL BSA, 10 mM theophylline, pH 6.5. The final platelet preparation was resuspended in a modified Tyrode buffer, 12 mM NaHCO 3 , 0.32 mM NaH 2 PO 4 , 10 mM Hepes, 137 mM NaCl, 2.7 mM KCl, 0.5 mM MgCl 2 , and 5.5 mM glucose, pH 7.5. Platelet aggregation was measured using a 4-channel automated platelet analyzer set to 950 rpm at 37°C. Each reaction mixture (400 L) contained washed platelets (3 ϫ 10 8 /mL), the indicated concentrations of HRgpA, RgpB, or thrombin ( Figure 5 ), no exogenous fibrinogen, and 1 mM CaCl 2 . The rate and extent of platelet aggregation were monitored by the percentage of light transmission and presented as aggregation tracings.
Purification and assay of the bacterial proteases
HRgpA and RgpB were purified to homogeneity 37, 38 and the amount of active enzyme determined by active site titration with F-F-R-chloromethylketone, 53 all as described previously. The active site cysteine residue of the gingipains was reduced (activated) for cellular studies with 10 mM cysteine at 37°C for 10 minutes in 0.1 M Tris-HCl, 5 mM CaCl 2 , pH 7.4. Polymyxin B-S0 4 (100 g/mL) was routinely added to inhibit any cellular stimulation by bacterial lipopolysaccharides. Gingipains were inactivated by treatment with 100 M leupeptin or 2 M antipain for 10 minutes.
Results
HRgpA and RgpB increase intracellular calcium levels [Ca ؉؉ ] i in platelets
To determine whether the gingipains were able to interact with platelet receptors and induce intracellular signals, platelets from 9 donors were isolated and individually tested for a [Ca ϩϩ ] i response to HRgpA, RgpB, and thrombin. As may be seen in Table 1 , most donors responded similarly to HRgpA and RgpB in terms of the magnitude of the response to a defined concentration of the bacterial enzymes. HRgpA consistently induced a higher level of [Ca ϩϩ ] i response than the same concentration of thrombin, whereas 10-fold more RgpB consistently gave responses that were considerably lower than thrombin. HRgpA and RgpB induced a dosedependent increase in [Ca ϩϩ ] i , indicated by the dose responses shown for 2 donors in comparison to thrombin ( Figure 1 ). These data yield an enzyme concentration inducing the half maximal response (EC 50 ) of 2.4 nM and 0.18 nM for thrombin and HRgpA, respectively, in one donor and 0.6 nM and 63 nM for HRgpA and RgpB, respectively, in a second donor. This further indicates that HRgpA is consistently a more potent platelet agonist than thrombin, whereas RgpB is much less potent than the other 2 enzymes. As indicated by the data in Table 1 , the magnitude of the [Ca ϩϩ ] i response for thrombin, HRgpA, and RgpB varied to only a moderate extent between donors. HRgpA and RgpB, which had been inactivated by leupeptin, did not induce calcium responses in the platelets (Figure 2A ,C), indicating that the [Ca ϩϩ ] i increase induced is due to the proteolytic activity of the enzymes.
The question that was then addressed was whether the increase in [Ca ϩϩ ] i induced by HRgpA and RgpB activity is due to cleavage of a PAR on the surface of platelets. Once a PAR is cleaved by a protease it is unable to be activated a second time by the same or another protease in a short period of time. Figure 3A ). Platelets treated with thrombin or HRgpA still responded to a subsequent challenge with adenosine diphosphate (ADP) (Figure 2A,B) , indicating that the cells could still respond to an agonist via calcium signaling pathways. The higher the thrombin concentration added to platelets, the smaller was the subsequent HRgpA response ( Figure 3A) . Similarly, treatment of platelets with HRgpA desensitized the response to a second challenge by thrombin ( Figure 3B ) and increasing concentrations of HRgpA proportionately decreased subsequent thrombin responses ( Figure  3B ). Similarly, when platelets were initially exposed to RgpB, a secondary response to this protease or thrombin was abolished ( Figure 2D ) and pretreatment with thrombin desensitized the cells to a subsequent challenge with RgpB (data not shown). It was shown that the desensitization of the responses was not due to the For personal use only. on April 10, 2017. by guest www.bloodjournal.org From enzymes inactivating each other. This is illustrated, for instance, by the finding that adding 2 M antipain (a concentration of inhibitor known to inhibit HRgpA effectively without affecting thrombin) to the cell suspension after the initial activation with HRgpA did not affect the desensitization obtained with thrombin (Figure 2A,B) . The addition of the inhibitor after initially adding inactivated HRgpA also did not affect subsequent thrombin responses. These findings could be extended to all systems tested, strongly indicating that the desensitization of the platelets obtained was purely reflective of prior receptor cleavage.
These results suggest that HRgpA, RgpB, and thrombin activate common receptor(s) on platelets. Thrombin activates PAR-1 and PAR-4 on the surface of human platelets by cleaving after an arginine residue in their extracellular domain. Because HRgpA and RgpB have high specificity of cleavage, limited to peptide bonds after arginine residues, the calcium response observed is probably due to activation of PAR-1 and PAR-4 by these bacterial enzymes. To investigate whether the calcium increase elicited by RgpB and HRgpA is mediated by cleavage of PAR-1, platelets were incubated with rabbit anti-PAR-1 antibody 49 or a control rabbit antibody (the latter serving as a control) for 15 minutes, prior to treatment with RgpB or HRgpA. Preincubation of platelets with anti-PAR-1 antibody significantly inhibited thrombin and gingipain-induced calcium increases, in comparison to pretreatment with a control antibody ( Figure 4A-D) .
Once PARs have been activated by their cognate peptide agonist peptides, they may be rendered desensitized to subsequent exposure to protease agonists, in much the same way as the desensitization described above for treatment with sequential doses of different proteases. 54 Because the agonist peptides for PAR-1 (TRAP-SFRLLN) and PAR-4 (TRAP-4-GYPGQV) are specific for their cognate receptors in the platelet context, pretreatment with these peptides may desensitize the cells to subsequent treatment with protease agonists targeting the receptors. As may be seen visually in Figure 5 , panels A-C, and quantitatively in Table 2 , pretreatment of platelets from 3 donors with either TRAP or TRAP-4, individually, markedly reduced the [Ca ϩϩ ] i response to 1 nM HRgpA, whereas treatment with a combination of the peptides all but abolished the response to HRgpA. Pretreatment of the platelets with HRgpA ( Figure 5D ) abolished subsequent response to PAR-4-activating peptide and markedly reduced the response to TRAP. Essentially similar results were found for thrombin and RgpB (data not shown), demonstrating that the bacterial proteases most likely induce [Ca ϩϩ ] i responses in platelets by activating both PAR-1 and PAR-4 receptors.
HRgpA and RgpB induce platelet aggregation
Calcium plays a key role in triggering platelet activation and is the single most important intracellular mediator of cell function. To determine whether the [Ca ϩϩ ] i elevation induced by the gingipains causes platelet activation, aggregation responses of these cells were investigated. Both HRgpA and RgpB induced aggregation of platelets from 6 different donors. The aggregation caused by different concentrations of HRgpA and RgpB in one preparation is shown in Figure 6 , panels A and B. A consistent finding was that much higher concentrations of RgpB were required to cause the For personal use only. on April 10, 2017. by guest www.bloodjournal.org From same degree of aggregation as that induced by HRgpA. To determine whether the platelet aggregation caused by the bacterial proteases was due to their proteolytic activity, the enzymes were inactivated with 100 M leupeptin. This resulted in total inhibition of the aggregation induced by both gingipains (data not shown), indicating that the cellular effect was due to proteolysis.
Agglutination of red blood cells by P gingivalis and adherence to other bacteria are thought to be mediated at least in part via the proteases of this organism. 55, 56 To show that the measure of aggregation observed (increase in the light transmittance level) was reflective of true platelet activation and is thus genuine aggregation, rather than an agglutination phenomenon, an inhibitor of platelet activation was used. Preincubation of platelets with 100 ng/mL PGI 2 or 10 M forskolin (inhibitors of platelet activation) at 37°C for 15 minutes completely inhibited the aggregation induced by 0.25 nM HRgpA and 20 nM RgpB (data not shown), verifying that HRgpA and RgpB indeed cause true platelet aggregation.
HRgpA and RgpB activate cells stably expressing the PAR-4 receptor
To investigate whether HRgpA and RgpB can cleave and activate PAR-4, the calcium response elicited by these 2 enzymes was studied in transfected N1LF cells stably expressing human PAR-4 (N1LF PAR-4) in comparison to nontransfected N1LF cells. Treatment of N1LF PAR-4 cells with 25 nM thrombin ( Figure 7A ) or 500 M PAR-4 activating peptide (TRAP-4) (data not shown) elicited an intracellular Ca ϩϩ increase, whereas nontransfected N1LF cells did not respond to 500 M TRAP-4 (data not shown) or 20 nM thrombin ( Figure 7B ). The calcium responses induced in N1LF PAR-4 cells by 4.5 nM HRgpA and 18 nM RgpB are shown in Figure 7 , panels C and E, compared to the lack of response in nontransfected N1LF cells ( Figure 7D,F) . Concentrations of HRgpA as low as 0.45 nM elicited a Ca ϩϩ increase in N1LF PAR-4 cells, whereas concentrations as high as 100 nM of HRgpA did not cause calcium mobilization in nontransfected N1LF cells (data not shown). Thus both HRgpA and RgpB specifically induced an increase in [Ca ϩϩ ] i in N1LF PAR-4 cells, verifying that these enzymes can activate PAR-4. The concentration dependence of such an increase is shown in Figure 8 , yielding an enzyme concentration inducing half the maximal response (EC 50 ) of 1.7 nM, 4.6 nM, and 10 nM for receptor activation by HRgpA, RgpB, and thrombin, respectively.
HRgpA and RgpB activate cells stably expressing the human PAR-1 receptor
To more definitively determine whether the gingipains can cleave and activate human PAR-1, the calcium response elicited by the 2 enzymes was investigated in transfected N1LF cells stably express- Figure 9 , yielding an enzyme concentration inducing half the maximal 
Discussion
An emerging theme in the interaction between pathogenic bacteria and the host is the ability of the microbial invader to proteolytically modify the host cell surface proteins, including various receptors. In most cases, bacterial proteases degrade receptors, 9,12,13,17 or release soluble ectodomains 10, 11 leading to desensitization of cellular responses to their physiologic agonist. Such treatment of cells of the immune system may potentially affect antimicrobial defense mechanisms or interfere with the regulation of the inflammatory reaction. These effects can be even more deleterious if receptors such as the PARs are the target of bacterial proteases, because cleavage of these receptors will lead to uncontrolled activation of host cells, which, in the case of platelets, is normally mediated by tightly regulated thrombin cleavage of PAR-1 and PAR-4. However, despite the fact that unchecked platelet activation may have serious pathologic consequences if bacteria possessing such ability find their way into the bloodstream, the interaction between platelets and proteases from pathogenic bacteria has never been systematically investigated.
An example of bacteria that are known to escape into the bloodstream on a regular basis are the members of microbial flora forming dental plaque. This ability correlates with the severity of periodontitis when even such simple activities as chewing, flossing, and brushing cause a transient bacteremia. [31] [32] [33] Fortunately, most of the bacteria are benign oral streptococci, which can cause a serious medical problem (endocarditis), only in subjects with damaged or implanted heart valves. 57 In the case of severe periodontitis, however, P gingivalis can also find its way into the circulation and even infect atherosclerotic plaques. 34, 35 This prompted us to closely investigate the effect of arginine-specific gingipains on platelets.
HRgpA and RgpB induce an increase in [Ca ϩϩ ] i in human platelets, which is dependent on their proteolytic activity. Several lines of evidence strongly support the hypothesis that this increase is mediated by activation of PAR-1 and PAR-4. Exposure of human platelets to either of the gingipains desensitized the [Ca ϩϩ ] i response to a second challenge with the same enzyme, a phenomenon that is in agreement with the rapid desensitization that protease-activated receptors undergo after a short period of activation with a protease. Desensitization studies carried out with thrombin showed that when human platelets were activated with this enzyme, a secondary challenge with HRgpA or RgpB was virtually eliminated. Similarly, pretreatment of platelets with the bacterial enzymes desensitized the response to a second challenge with thrombin, suggesting that both enzymes activate the platelet thrombin receptors. The desensitization of the platelets to a subsequent challenge with another protease was not due to inactivation of the calcium signaling pathways, as demonstrated by the ability of the platelets to still respond to a maximal concentration of ADP. 58 Antibodies specific for the sequence that occurs immediately amino-terminal to the cleavage site of PAR-1 were able to decrease the [Ca ϩϩ ] i increase caused by HRgpA or RgpB by approximately 50%. This finding supports the proposed mechanism that [Ca ϩϩ ] i mobilization by these proteases is in part mediated by cleavage of PAR-1. Further investigation of the receptors activated by the bacterial proteases used the individual agonist peptides for PAR-1 and PAR-4 to desensitize a subsequent response to the gingipains. For each of the enzymes, it could be shown that prior exposure of the platelets to a combination of the PAR-1 and PAR-4 agonist peptides almost completely abolished the response to the protease. This provides strong evidence that the bacterial proteases induce responses in the platelet by cleaving and activating both PAR-1 and PAR-4.
Thrombin activates PAR-1 and PAR-4 expressed on the surface of platelets by cleaving after a specific arginine residue at their respective activation sites. HRgpA and RgpB, which are absolutely specific for hydrolysis at R-X sites, were found to activate both PAR-1 and PAR-4 in transfected cells stably expressing these receptors. HRgpA cleaved the PAR-4 receptor approximately 6 times more efficiently than thrombin, based on evaluation of the enzyme concentration inducing half the maximal response (EC 50 ) in PAR-4-transfected cells, whereas RgpB was approximately 2-fold more efficient. Thrombin was a much more efficient activator of PAR-1, however, activating the receptor 60 times more efficiently than HRgpA and 160 times more efficiently than RgpB. The greater efficiency of thrombin for cleavage of PAR-1 is expected in light of the specific association of the protease with a hirudin-like sequence that binds its fibrinogen-binding exosite. 59, 60 PAR-4 does not have a hirudin-like domain and this accounts for its less effective cleavage by thrombin compared to PAR-1, as seen in the present study and described elsewhere. 43, 44 The gingipains would also not be expected to cleave PAR-1 very efficiently in comparison to thrombin because they presumably have no mechanism for additional interactions with the receptor that are analogous to thrombin.
HRgpA exhibited higher efficiency in activating both PAR-1 and PAR-4 compared to RgpB. It was previously found that the proteolytic activity of HRgpA was 5 times higher than that of RgpB, despite the fact that both enzymes are equally active on synthetic substrates. 38 Similarly, HRgpA has been found to have higher activity than RgpB in activating factor X. 61 Both HRgpA and RgpB were more efficient at cleaving PAR-4 compared to PAR-1. Although these enzymes are highly specific for cleavage after arginine residues, less is known about the effect of amino acid residues around the cleavage site on the catalytic potency of HRgpA and RgpB. Investigations using synthetic substrates found HRgpA and RgpB to have similar preferences and no clear preference was observed for particular amino acid residues at the P2 or P3 position (P3-P2-R). 38 Elucidation of the crystal structure of RgpB revealed that, with the exception of the entrance hole to the S1 pocket, which is optimized to accommodate arginine side chains, the molecular surface around the active site of the enzyme is relatively flat, with a negative electrostatic potential. 62 It is thought that this open binding site and strong binding of the arginine residue enables RgpB to cleave a For personal use only. on April 10, 2017. by guest www.bloodjournal.org From multitude of R-X bonds in proteins and peptides. HRgpA is comprised of RgpA noncovalently complexed with adhesins. Because the structure of HRgpA has not been elucidated, the role of adhesins in the structure and activity of the enzyme is not known. It may be postulated that the adhesin subunits could affect the interaction of the protease with the surface of the cell by serving as an anchor and stabilizing this interaction. More stable interaction of the enzyme with the cell surface may contribute to more efficient cleavage of proteaseactivated receptors.
Based on the desensitization studies and the ability of HRgpA and RgpB to activate PAR-1 and PAR-4, it can be concluded that the bacterial proteases activate these receptors on the surface of platelets, resulting in calcium mobilization. HRgpA caused a [Ca ϩϩ ] i increase in platelets and aggregation at much lower concentrations than RgpB. This would be expected in view of the fact that HRgpA not only showed much higher efficacy than RgpB in activating PAR-1 and PAR-4 in cells stably expressing these receptors, but was also a more potent activator of PAR-4 than thrombin. In human platelets, PAR-4 messenger RNA (mRNA) has been detected at about 30% of PAR-1 mRNA levels. 48 Based on studies using blocking antibodies and peptides that inhibit activation of PAR-1 and PAR-4, it appears that PAR-1 on human platelets responds to low concentrations of thrombin and PAR-4 mediates responses to high concentrations of thrombin. 48 HRgpA activates platelets with similar efficiency to thrombin, and this may arise from its more potent cleavage of PAR-4 as seen in the transfected cells. PAR-4 has recently been shown to induce the majority of the calcium signal in platelets, 63 thus the more potent activation of PAR-4 by HRgpA could possibly account for the similar level of platelet activation by this enzyme compared to thrombin. HRgpA, by potently activating PAR-4 and at the same time activating the more abundant PAR-1 receptor, may be causing the same overall effect induced by thrombin.
Treatment of human platelets with HRgpA or RgpB also resulted in platelet aggregation, which was dependent on the proteolytic activity of the enzymes. In platelets treated with either gingipain, the increase in light transmittance level observed was a true aggregation phenomenon because pretreatment of platelets with inhibitors of platelet activation prevented the phenomenon. The aggregation assay was carried out in the absence of exogenously added fibrinogen. In thrombin-induced platelet aggregation, fibrinogen is released from the ␣ granules during platelet activation, which then binds to the glycoprotein IIb-IIIa complex, resulting in aggregation. 64 HRgpA and RgpB cause aggregation without the requirement of exogenous fibrinogen, indicating that fibrinogen is released as part of platelet activation by these bacterial enzymes. This suggests that these proteases, like thrombin, are strong agonists for platelets.
The data discussed above present compelling evidence that PAR-1 and PAR-4 on the platelet surface can be activated by R-X-specific bacterial proteases. Taken together with the activation of PAR-2 on neutrophils 14 by these proteases, these data establish a new paradigm in microbial pathogenicity, specifically, that some host cell functions may be manipulated by bacterial proteases cleaving the PARs. In the case of P gingivalis, the immediate advantage of this new pathway for the pathogen may not be clearly apparent. However, uncontrolled PAR activation will certainly contribute to the deregulation of the local inflammatory reaction, which can be beneficial for the microbial community in the pathologic periodontal pocket. In addition to the PARs, several other cell surface receptors, including C5a (CD88), 13 fMLP-R, 12 LPS receptor (CD14), 17 ␣ 5 ␤ 1 -integrin, 15 occludin, and E-cadherin 16 are substrates for arginine-(Rgps) and/or lysine-(Kgp) specific gingipains. Therefore, it is conceivable that modification of molecules on the host cell surface by bacterial proteases may play an important role in the maintenance of the chronic inflammatory condition associated with periodontitis. A potentially deleterious effect of cell surface receptor cleavage was also shown for metalloproteases from Serratia marcescens, Staphylococcus aureus, Pseudomonas aeruginosa, and Listeria monocytogenes, as well as a cysteine protease from Streptococcus pyogenes. 10, 11 Taken together, these data firmly establish that proteolytic modification of the host cell surface by bacterial proteases represents a newly discovered virulence pathway explored by some pathogens.
Recently, periodontal diseases have been linked to cardiovascular illnesses, including heart attack, in a number of epidemiologic studies. 20 The consensus viewpoint is that this correlation is an effect of sustained chronic inflammation 19, [65] [66] [67] [68] of the periodontium triggered by continuous release of lipopolysaccharide from gramnegative bacteria in the subgingival dental plaque. Indeed, significantly increased levels of proinflammatory cytokines such as interleukin 1␤, tumor necrosis factor-␣, interleukin 6, as well as other proinflammatory active compounds including prostaglandin E 2 and thromboxane B 2 have been found in gingival crevicular fluid. 69 Also, as in the case of many other infectious diseases, plasma fibrinogen levels and leukocyte counts are increased in individuals with periodontal disease. 70, 71 In addition, it was shown that high levels of factor VIII activity and its cofactors in the coagulation pathway were associated with poor dental health, linking chronic dental infections with increased thrombogenicity. 72 The studies reviewed above provide a conceivable explanation for the emerging correlation between periodontitis and cardiovascular diseases. In this scheme, P gingivalis proteases would have an indirect role as factors aggravating or sustaining chronic inflammation. In light of the accumulated data, however, it is tempting to speculate that gingipains may have a more direct role in cardiovascular complications. Recently, P gingivalis has been immunolocalized in the shoulders of atherosclerotic plaque. 35 If these bacterial cells still express gingipains, it is very likely that such proteases will contribute to plaque ulceration and thrombus formation through effective, uncontrolled activation of both PARs and coagulation factors.
